This paper presents a novel robust adaptive control strategy for MEMS gyroscope, based on the coupling of the fuzzy logic control with sliding mode control (SMC) approach and adaptive laws. The drawbacks of the conventional SMC include chattering phenomenon and requirement of a priori knowledge of the bounds of uncertainties. In this paper, these problems are suitably attenuated by adopting an adaptive fuzzy sliding mode control (AFSMC) approach which uses two additional fuzzy self-tuning controllers as supervisory fuzzy systems to adaptively tune the output control gain, sliding gain of the AFSMC in order to speed up the convergence rates of the tracking errors and parameter estimations with a desired level of attenuation. Control system stability is proved by Lyapunov method. Numerical simulations using the MEMS gyroscope model with uncertainties demonstrate the effectiveness of this approach in high speed trajectory tracking problems and robustness in estimating the gyroscope parameters and the angular velocity. Numerical simulations show that the chattering is effectively attenuated by this method. Convergence rate of tracking errors and the gyroscope parameters is better than convergence rates in the literature.
INTRODUCTION
MEMS gyroscope is one of the micro machined inertial sensors. It is commonly used to measure the angular velocity in many areas including platform stabilization in space applications, activity monitoring in biomedical applications, sport equipment in consumer applications, robotics and machine and vibration monitoring in industrial applications, tracking and monitoring mechanical shock and vibration during transportation in automotive applications (Yazdi et al., 1998; Acar and Shkel, 2009 ).
Vibrational MEMS gyroscopes are capable of vibrating along two orthogonal axes and energy is transferred from one axis (referred to as drive axis) to the other axis (referred to as sense axis) through Coriolis forces, which is arising from a rotating reference frame and proportional to its rotation rate. The conventional mode of operation drives one of the axes of the gyroscope into a known oscillatory motion and then detects the Coriolis acceleration coupling along the sense axis, which is orthogonal to the drive axis. The response of the sense mode provides information about the unknown angular velocity. However, in practice, the fabrication imperfections and environmental variations are always present, resulting in parameter changes, mechanical couplings between two axes, and different kinds of noises along the axes which will degrade the sensitivity of the gyroscope . The angular velocity measurement and minimization of the cross coupling between two axes are challenging problems in vibrating gyroscopes. As a consequence, some kind of advanced control method is essential for improving the performance and stability of MEMS gyroscopes.
Sliding mode control (SMC) has been confirmed as a powerful robust control approach for nonlinear systems against parameter uncertainties and insensitivity to matched disturbances (Utkin, 1992) . Using the tracking capabilities of adaptive control methods in the presence of parameter uncertainties, adaptive SMCs are developed (Su, 1994; Åström and Wittenmark 1995) . However, some bounds on system uncertainties must be estimated, and the control effort is discontinuous and creates chattering because of the high frequency switching, will often excite undesired dynamics of the system. Drawback of the chattering is significant in practical applications because it leads e.g. to high moving of mechanical parts and heat losses in electrical power circuits. The larger uncertainties take place, the larger switching control occurs. Several methods have been presented to overcome to this disadvantage of the sliding mode control (Slotine and Li, 1991; Erbatur et al., 1996; Chang, 2000) .
Fuzzy control is a somewhat intelligent, cost-effective nonlinear control. It has been proven that fuzzy logic can approximate any nonlinear function to any desired accuracy because of the universal approximation property (Passino and Yurkovitch, 1998) . Fuzzy logic self-tuning controllers has been utilized to adapt the parameters of SMC in real-time to achieve a better performance and especially attenuate the chattering of control input resulting in the development of the adaptive fuzzy sliding mode control (AFSMC). (Amer et al., 2011; Lian, 2012) .
In the recent years, researchers have proposed various AFSMC strategies in many successful applications, e.g. in automotive industry (Hung and Chen, 2006) , aeronautics (Bao et al., 2006; ), transportation (Luo et al., 2008) , mobile robotics Lian, 2012) , manipulators (Chang, 2010; Amer et al., 2011) , position control of induction and DC servomotors (Shahnazi et al., 2008) , power systems (Nechadi et al., and Essounbouli, 2012) , underwater vehicles (Javadi-Moghaddam and Bagheri, 2010; Bessa et al., 2010) , compressors (Javadi-Moghaddam and Madani, 2011), electro-hydraulic servo mechanism (Cerman and Hušek, 2012) .
In the last few years, some control approaches have been proposed to control the MEMS vibratory rate gyroscope (Leland, 2003; Park and Horowitz, 2003; Oboe et al., 2005; Salah et al., 2010) . The MEMS gyroscope have nonlinear dynamics with uncertainties and disturbances and therefore the conventional control approaches based on linearized model do not give satisfactory control performance. In contrast to that SMC deals with those problems very well. Therefore, during the past several years SMC has attracted considerable attention in control of MEMS gyroscope (Batur et al., 2006; Fei and Batur, 2009; Saif et al., 2011; Sarraf et al., 2012; ; Fei and Xin, 2012) . However, the disadvantage of such approach is the chattering of control action due to its discontinuous switching part in control law. The most common approach to avoid chattering is to use a boundary layer because of simplicity and transparency (Slotine and Li, 1991) . The introduction of the boundary layer around the sliding surface decreases the chattering problem at the expense of tracking performance (Fei and Batur, 2009 ). Using a variable boundary layer tries to find a suitable compromise (Moghanni-Bavil-Olyaei et al., 2012). Other approaches to control of MEMS gyroscope systems one can find e.g. in Dong and Avanesian, 2009; Peruzzi et al., 2011; Egretzberger et al., 2012) .
In this paper novel AFSMC method using two fuzzy self-tuning mechanisms is presented. The proposed method combines the adaptive fuzzy algorithm with robust control technique and adaptive laws to guarantee a robust tracking performance for uncertain gyroscope system. It is proved that the closed-loop system is globally stable in the Lyapunov sense if all the signals are bounded and the system output can track the desired reference model asymptotically with modeling parameter uncertainties and disturbances. The proposed control algorithm is applied to a MEMS z-axis gyroscope through simulations. The simulation results indicate that the control performance is satisfactory. The proposed approach is compared with the existing conventional sliding mode controller for MEMS z-axis gyroscope (Fei and Batur, 2009 ) in terms of advantages and control performances. Numerical simulations results of our proposed controller showed better convergence rate and better control input due to chattering reduction if we compare with results in (Fei and Batur, 2009 ). In comparison with other known fuzzy logic based approaches eliminating chattering problem the proposed method is more clear and interpretable. In this AFSMC approach, the angular velocity and all the unknown parameters of the gyroscope are estimated unbiased. Therefore, independent of the gyroscope complex dynamics, three simple IF-THEN rule bases are generated which is more suitable for real time applications.
The layout of this paper is organized as follows; In Section 2, the dynamics of MEMS vibratory rate gyroscope is described. Section 3 presents the characteristics of a conventional sliding mode control system for MEMS vibratory rate gyroscope. In Section 4, the design procedures of the proposed robust adaptive fuzzy control system using fuzzy self-tuning control gain and fuzzy selftuning sliding gain are constructed. Simulation results are provided to validate the efiectiveness of the proposed control system in Section 5. Conclusions are drawn in Section 6.
DYNAMICS OF MEMS Z-AXIS GYROSCOPE
The schematic of a MEMS z-axis gyroscope is shown in Figure 1 . This vibratory gyroscope includes a proof mass suspended by springs, an electrostatic actuation and sensing mechanisms for forcing an oscillatory motion and sensing the position and velocity of the proof mass. The nonlinearity of the effective spring has been introduced (Asokanthan and Wang, 2008); therefore, the cubic type stiffness is added to the linear stiffness terms for representing the overall effective stiffness coefficient. It is assumed that the frame where the proof mass is mounted moves with a constant velocity and the gyroscope rotates at a slowly changing angular velocity about z axis; The Coriolis force is generated in a direction perpendicular to the driving and rotational axes. By using Lagrange's equation and with the assumptions stated above, the dynamics of gyroscope become as:
where x, y are two perpendicular axes in xy plane. The origin for x-y coordinates is at the center of the proof mass in the absence of the applied force. The fabrication imperfections are considered in the coupling spring and damping coefficients, k * xy and d * xy . The spring and damping terms along x and y axes, k * x , k x 3 , k * y , k * y 3 , d * x and d * y . The angular rate, W * z , is perpendicular to the xy plane and it is assumed to be almost known. However, small unknown variations may occur in the corresponding nominal values. The accurate value of the proof mass, m is determined. u * x and u * y are the control forces along the x and y directions, respectively.
Dividing gyroscope dynamics (1) and (2) by the reference mass results in the following vector forms as:
The variation of the angular rate is assumed negligible. Nondimensionalizing the equations of motion of a gyroscope is useful because the numerical simulation is easy, even under the existence of large two time-scale differences in gyroscope dynamics (Park and Horowitz, 2004) . Using the dimensionless time, t * = w 0 t and dividing both sides of (3) by reference frequency and length, w 0 2 and q 0 gives the final form of the dimensionless equation of motion as follows: (5) where, new parameters are defined as follows:
Consequently, the dimensionless representation of (1) and (2) becomes:
where, 
The linear dynamics (7) is rewritten in the following state space model:
where
The state X(t), the input u(t), and the output Y(t) in Eq. (9) are all deviations of the corresponding trajectories of the nonlinear system from a trim condition.
Considering unknown parametric uncertainty and uncertain extraneous disturbance, the model (9) is represented as: (10) where DA(t) is unknown parameter uncertainties of the matrices A, and f(X(t), t) is an uncertain extraneous disturbance or nonlinearity.
The control target for a MEMS gyroscope is to maintain the proof mass to oscillate in x and y directions at frequencies w 1 and w 2 and at amplitudes A 1 , A 2 , respectively. These requirements can be expressed as x d = A 1 sin(w 1 t) and y d = A 2 sin(w 2 t) , where x d and y d are desired trajectories that should be tracked by the proof mass. Equivalently, the control objective can be stated in terms of a reference model (desired trajectory) as: (11) where, K d = diag{w 1 2 , w 2 2 }. Similar to (7) , the reference model can be written as the following state space model: (12) In reference (Fei and Batur, 2009 ), the authors have presented some assumptions to consider matched and unmatched uncertainties and disturbances. However, some modifications should be done. Their paper considers the mechanical model (7) for
M. R. Moghanni-Bavil-Olyaei and A. Ghanbari the case of maximal control inputs. In this case all disturbances are matched. So, considering unmatched disturbances look strange. To ensure the achievement of model reference's objective, we make the following assumptions: Assumption 1. Considering matched section of DA(t) and f(t), there exist unknown matrices, D(t) and G(t) of appropriate dimensions, such that:
where, BD(t) is matched uncertainty and BG(t) is matched disturbance. From this assumption, (10) can be rewritten as: (15) where Bf m (X(t), u, t) represents the system matched lumped uncertainty and disturbance which is given by:
Assumption 3. There exists a constant matrix K * such that the condition, A + BK *T = A d is always satisfied.
The tracking error and its derivative are given as:
The required system performance is to minimize the error between the model states and reference states. Then the main objective is to design a model reference SMC law such that the states of Eq. (10) track those of the reference model (12) in the asymptotic sense. In addition, the globally asymptotic stability of the system (10) should be guaranteed in the existence of parameter uncertainties and extraneous disturbance. Moreover, since the information of upper bound of uncertainties is unknown, in Section 4, an adaptive fuzzy controller is designed by utilizing the Lyapunov stability theorem, and it ensures that the states of Eq. (10) can track those of the reference model.
ADAPTIVE SLIDING MODE CONTROL
As a choice for sliding surface in (Fei and Batur, 2009), we have: (19) where, l is a constant matrix such that lB is nonsingular and K e is a constant matrix which needs to be selected such that A d + Bk e is a Hurwitz matrix.
The time derivative of the sliding surface is as:
Setting, s . (t) = 0 to solve the equivalent control, u ed gives:
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The adaptive version of the control algorithm is proposed as: (22) where, K(t) is an estimate of K * . The last component of the control signal is designed to address the matched disturbances. This component is given as:
where r is a constant. We define the estimation error as (24) Substituting (24) and (22) into (14) yields:
The tracking error equation now becomes:
The dynamics of the sliding surface s(t) is given as:
Define a Lyapunov function as:
where, M = diag{m 1 m 2 } is a positive definite matrix. Taking the time derivative of V(t) yields as:
To make V .
(t) £ 0, the adaptive law is proposed as:
The initial gain K(0) is used arbitrary. The adaptive law (30) results as: (t) £ -y||s(t)||. This implies that the trajectory reaches the sliding surface in finite time and remains on the sliding surface. From (19) , e(t) will also asymptotically converge to zero. Furthermore, using LaSalle's invariant set theorem, lim tAE∞ s(t) = 0.
ADAPTIVE FUZZY SLIDING MODE CONTROL DESIGN 4.1. Fuzzy system
The basic configuration of a fuzzy logic system consists of a fuzzifier, some fuzzy IF-THEN rules, a fuzzy inference engine and a defuzzifier. The fuzzy inference engine uses the fuzzy IF-THEN rules to perform a mapping from an input linguistic vector, x T = [x 1 , x 2 , ¼, x n ] U R n , to an output variable, yV R. The fuzzy rule base consists of a collection of fuzzy IF-THEN rules, which can be written as
.., A n i are fuzzy sets and B i is the fuzzy singleton for the output in the ith rule and i = 1, ..., m; m denotes the number of fuzzy IF-THEN rules. The fuzzy inference engine performs a mapping from fuzzy sets in U to crisp points in V. By using the singleton fuzzification, product inference engine and center average defuzzification, the output value of the fuzzy system is given as: (32) where is the membership function value of the linguistic variable, x j , y i , represents a crisp value at which the output membership function m B i reaches its maximum value, m B i (y i ) = 1 . m is the point at which the membership function of, B i , achieves its maximum value, q T = [y 1 , y 2 ,..., y m ], is the adjustable parameter vector, and, x(x) = [x 1 (x), x 2 (x),..., x m (x)] T , is a regressive vector with the regressor defined as: (33) It has been proven that fuzzy systems in the form of (32) can approximate continuous function on a compact domain to an arbitrary degree of accuracy if enough number of rules are given (Passino and Yurkovitch, 1998 ).
Adaptive fuzzy sliding mode control
In this paper, in order to eliminate the chattering problem, a fuzzy inference engine is used to remove the discontinuity of the sign function of the SMC at the reaching phase. Combining the Fuzzy Logic Control (FLC) with the adaptive SMC in Eq. (22) results in developing the proposed AFSMC methodology. The main advantage of this method is that the robust behavior of the system is guaranteed. The second advantage of the proposed AFSMC is that the performance of the system in the sense of removing chattering is improved in comparison with the same SMC technique without using FLC. The configuration of our adaptive fuzzy sliding mode control (AFSMC) scheme is shown in Figure 2 ; it contains an equivalent control part, an adaptive estimator and a two-input single-output FSMC in which Mamdani's fuzzy inference method is used.
The reaching law is designed as:
where K f is the normalization factor of the output variable, and u f (t) is the output of the AFSMC, which is determined in accordance with the normalized outputs of the ASMC, i.e. s(t) and s . fuzzy control surface of the output, u f (t), is shown in Figure 4 . The fuzzy rules are extracted in such a way that the stability of the system would be satisfied and these rules contain the input-output relationships that define the control strategy. The linguistic fuzzy rules are defined heuristically in the following generic form:
i and B i are the membership functions in the i-th IF-THEN rule corresponding to the input and output fuzzy sets, respectively. In the fuzzy inference engine, the intersection minimum and the center average defuzzification operations are used.
The IF-THEN rules of the MEMS gyroscope system are represented in Table 1 . In the fuzzy rule table, the rules are designed such that the following points are taken under consideration:
1. The output fuzzy sets are normalized in the interval (-1, 1), then |u f (t) = AFSMC(s(t), s . (t))|£1.
2. When the product s(t)s . (t) is positive, the membership value of, u f (t) , are set such that its sign is the same as that of, s(t), therefore the following inequality is insured:
This condition is required to achieve the system stability.
The AFSMC law has been represented as:
eq r eq f f eq f Table 1 . 
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AFSMC with fuzzy self-tuning reaching control gain K f
In this subsection, the AFSMC with varying control gain is presented that can achieve robust adaptation with a large control gain at reaching mode without incurring high-frequency oscillations. The structure of the proposed controller is given in Figure 5 . Therefore, a supervisory fuzzy inference system is used to adaptively tune the reaching control gain K f in order to estimate the optimal upper bound of K f and improve the performance of the controller. The supervisory fuzzy system of the proposed tuning method contains operator knowledge in the form of IF-THEN rules to decide the control gain K f according to the current operating conditions of the controlled system. Here, the control rules of the supervisory fuzzy system are developed with the error e and derivative of error e . as a premise, and K f = diag {K f 1 , K f 2 } as a consequent of each rules. The triangle shape membership functions with 50% of overlapping for the inputs and outputs fuzzy variables are considering as shown in Figure 6 . Figure 7 shows the fuzzy control surface of K f . This surface has been used to adaptively tune K f on line. 
where E 1 i and E 2 i are the labels of the input fuzzy sets. G i is the labels of the output fuzzy sets. i = 1, ¼ p denotes the number of the fuzzy IF-THEN rules. The IF-THEN fuzzy rules of this supervisory fuzzy system can be tabulated as shown in Table 2 . For the Mamdani fuzzy implication, the intersection minimum operation has been used, the center average defuzzification method is used to compute the crisp value of the outputs.
The hitting control law is tuned by multiplying the defuzzified signal, K f . Replacing, K f , by, K f ., in (37) , the new version of control algorithm can be obtained: (38) where, K f , is the estimate of, K f , K f = diag {K f1 , K f2 } . Table 2 .
AFSMC with fuzzy self-tuning sliding gain l
The conventional SMC with the fixed sliding gain matrix degrades the desired dynamic behavior of the system. A control strategy, based on a fuzzy self-tuning sliding gain, would achieve fast tracking of the system state variables and preserve the robustness property. In this subsection, a robust adaptive sliding mode control adaptive sliding gain, l, is presented. In this controller, the sliding gain, l , of the sliding surface is not constant but being changed by fuzzy logic unit dynamically according to the error e(t) and derivative of error, e . (t). The general structure of this controller is shown in Figure 8 . Since l must be a strictly positive value for stability, the sliding surface variable, s(t), and its differentiation, s . (t), will gradually converge to zero.
The membership functions for the inputs (e(t), e . Figure 10 shows the fuzzy control surface of, l. The IF-THEN fuzzy rules of this supervisory fuzzy system can be tabulated as shown in Table 3 . For the Mamdani fuzzy implication, the . Figure 8 . Block diagram of the AFSMC using fuzzy self-tuning sliding mode gain. intersection minimum operation has been used, the center average defuzzification method is used to compute the crisp value of the outputs.
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AFSMC with self-tuning gains, K f , and, l
In this subsection, the robust adaptive fuzzy sliding mode control using fuzzy selftuning reaching gain proposed in subsection 4.3 and the robust adaptive fuzzy sliding mode control using fuzzy self-tuning sliding gain proposed in subsection 4.4 are combined in order to bring their advantages together. The convergence and stability of the proposed control system are proved by using Lyapunov's direct method.
In this controller there are two supervisory fuzzy logic controllers. The first one adaptively tune the control gain K f . of the proportional term, r(lB) -1 s(t)/||s(t)||, in (22) and the second one adaptively tune value of the sliding surface gain, l, in (19) . As before, the adaptation process is performed according to the error e(t) and derivative of error, e . (t). The general structure of this controller is shown in Figure   11 . The membership functions for the inputs, (s(t), s . (t)), (e(t), e . (t)), the AFSMC output, u f (t), the output control gain, K f ., and the sliding surface gain, l, are the same as those in Figures 3, 6 , 9 and the related fuzzy rules are the same as those in Tables 1, 2 and 3, respectively. The dynamics of sliding surface (27) can be rewritten as: 
d dt e(t), e(t) Figure 11 . Block diagram of the AFSMC using supervisory fuzzy control.
where, K f , is the estimate of, K f , and, l, is the estimate of, l. According to the universal approximation theorem, there exists three optimal fuzzy control systems, K f * , and, l * , such that
where, e 1 , e 2 , are the approximation errors and satisfying |e 1 | < E 1 , |e 2 | < E 2 .
Employing two adaptive fuzzy control systems, K f , and, l, to approximate, K f , and, l, respectively. By using the strategy of singleton fuzzification, product inference and center average defuzzification, the output of adaptive fuzzy systems are:
where, qˆj, and, ĵ j , are the estimate of, q j * , and, j j * , respectively; which are adjustable parameter vectors. qˆj = [qˆj 1, qˆj 2 ,..., ¼qˆj m ],
We define Lyapunov candidate function as:
where tr[M] denoting the trace of, g 1 , and, g 2 , are positive constants, q˜ = qˆiq i * , j i = ĵ i -j i * . Differentiating V with respect to time yields:
(45) By substituting s . from Equation (40), we have:
If we select such that , Equation
(46) is simplified as:
By defining, h = lB, and simplifying the above equation into its matrix components, we have: 
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By adding and subtracting into the first term of above equation, we have:
Since the signals and the uncertainties are bounded in (49), so it results in:
To make , the adaptive laws are proposed as:
The initial gain K(0) is used arbitrary. Then (50) becomes:
This implies that V . is a negative semi-definite function. V . becomes negative semi-definite implying that the trajectory reaches the sliding surface infinite time and remains on the sliding surface and, s, K, q˜i and j i , are all bounded. Furthermore, we have dt, that is . Since V(0) is bounded and V(t) is non-increasing bounded function, it yields:
According to the Barbalat lemma, it can be concluded that , which means lim tAE∞ s i (t) = 0.
Consequently, e(t) also converges to zero asymptotically. 
SIMULATION RESULTS
In this section, the performance of the proposed AFSMC on a lumped MEMS gyroscope system is evaluated using simulation results for tracking and estimating the angular rate, W z and gyroscope parameters. The desired motion trajectories are x d = sin(w 1 t) and y d = 1.2sin(w 2 t), where w 1 = 4.17kHz and w 2 = 5.11kHz. The modeling uncertainties, DA are considered as: ±3% change in the spring and damping coefficients from corresponding nominal values, ±2% changes in the magnitude of coupling terms d xy and w xy , and ±5% variations of W z , which are modeled as random variables with zero mean and unity variance. Parameters of the MEMS gyroscope are given in Table 4 (Batur et al., 2006; Braghin et al., 2007) .
The unknown angular velocity, W z is assumed to have an amplitude of 5.0 rad/s. The initial condition on K matrix, and the sliding mode matrix K e in (19) are used as:
, Initial values for the reference model states are as, [2 ¥ 10 -6 , 4 ¥ 10 -4 , 3 ¥ 10 -6 , 4 ¥ 10 -4 ] T all in meters or meter per seconds.
The simulated control tracking errors of AFSMC are plotted in Figure 12 . The adaptive fuzzy sliding mode system using supervisory fuzzy control eliminates chattering significantly compared with the adaptive sliding mode force as depicted in Figure 13 and Figure 14 . The Control force by ASMC and AFSMC using supervisory fuzzy controller are plotted in Figure 15 and Figure 16 , respectively. Note that the control force by ASMC is not applicable to real system due to the chattering phenomenon but the control force generated by the proposed control method is reasonable from a practical viewpoint and applying of the control force of AFSMC is possible. It is shown that the tracking errors and rate of errors sharply converge to zero. To show the efficiency of the proposed control approach, the comparisons of the estimated angular rates among several controllers are plotted in Figure 18 demonstrates that the estimates of non-dimensional controller parameters converge to their true values with persistently exciting driving signals on both axes. According to the figures, the chattering free tracking and estimation performance of the proposed method is significantly superior compared with that of the adaptive SMC.
In other words, using the control law (38) and the parameter adaptation laws, the estimation of all unknown parameters of MEMS gyroscope in particular the input angular rate converges to the true values, and the tracking errors asymptotically converge to zero. 
CONCLUSION
In this paper we have considered the development of the control of a MEMS z-axis gyroscope with perturbations by a novel model reference adaptive fuzzy controller with two supervisory fuzzy self-tuning controllers based on sliding mode control theory (AFSMC) to achieve reduced chatter and strong robustness to system parameter uncertainties, external disturbances, and nonlinearities, where it has been successfully applied for the control of the axes of the MEMS gyroscope on the desired directions and to estimate the unknown angular velocity. This controller is simple but powerful and operates well to track the desired reference output asymptotically in the presence of any unknown modeling uncertainties and unknown system external disturbances. The design has been proved to guarantee the closed-loop stability in the sense of Lyapunov method. In order to minimize the tracking error performance index and chattering for any kind of reference trajectory, the reaching control gain was tuned on-line according to error states of the system by a supervisory fuzzy controller, the sliding gain and the adaptive gain was adapted on-line by another supervisory fuzzy systems. The proposed approach could also prove a success in a challenging domain of MEMS gyroscopes where the dynamics of MEMS gyroscope is expressed by nonlinear, time varying, and coupled differential equations. The AFSMC approximates the unknown upper bound of the uncertainties and external disturbances; it has all the advantages of the control with a variable boundary layer including chattering elimination and fast convergence without deteriorating the system robustness. Simulation results revealed the effectiveness of the proposed control methodology. It has been verified that the proposed adaptive fuzzy logic sliding mode controller with self-tuning fuzzy control has superior tracking performance and robustness to conventional SMC in estimating the gyroscope parameters and also the angular velocity in the presence of high adaptation gain, matched input disturbances and model variations. Future works can include developing an optimal control strategy or using fractional-order sliding surfaces to further improve the effectiveness and the estimation of timevarying rotation rates. Also, experimental works based on FPGA should be implemented to verify the simulation results. 
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